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X-ray  Attenuation  Coefficients  from 
10  kev  to  100  Mev 


Rosemary  T.  McGinnies 

A  n'visioii  is  given  of  the  X-niy  ntteiiuiition  eoefTicienls  presented  in  Nnlioniil  Ifniciin 
of  otundurcls  Circular  58*i.  Tal)!*;  4  of  that  pul)licatioii  is  cliniinatod,  and  a  now  tablo  is 

given  for  ouch  iniitorial  for  photon  energies  less  than  100  kev.  The  uncertainties  in  the 
estimates  of  attenuation  coefficients  at  low  energies  are  from  :i  to  5  percent,  which  is  the 
same  as  was  previously  given  at  higher  energies.  The  cross  sections  for  scatti^ring  are 
unchanged.  Two  values  are  listed  for  the  photoelectric  cro.ss  section,  one  calculated  from 
the  Sauter-iStohbe  formttlas  and  the  other  derived  from  ih‘W  experimental  evidence.  The 
procedures  for  smoothing  experimental  data  are  de.scrilx'd  and  are  generally  the  same  as 
were  used  in  Circular  58:i.  In  addition  to  the  systematic  coverage  of  the  region  from  10  kev 
to  100  Mev,  some  data  are  inchided  for  :•  numlwr  of  elements  based  on  experimental  measure¬ 
ments  below  10  kev  and  above  100  Mev.  A  comi)arison  is  made  IxUween  calculated  and 
experimental  total  attenuation  coefficients  at  energies  above  10  M("v. 

1.  Introduction 


riic  e.stimates  of  X-ray  attenuation  coefficients 
presented  in  National  Bureau  of  Standards 
Circular  .'iS.’l  [1]  were  based  on  a  combination 
of  tbeoretiail  calculations  and  available  experi¬ 
mental  evidence,  with  judicious  interpolations 
between  them.  Inaccuracies  in  the  values  below 
50  kev  were  thought  to  approach  10  percent, 
especially  for  light  elements,  but  probably  not  to 
e.\(‘eed  to  5  percent  above  100  kev.  Experi¬ 
mental  data  obtained  in  the  past  few  years  enable 
us  to  revise  the  estimates  at  low  energies  so  that 
they  are  of  the  same  accuracy  as  the  others. 
The  main  tables  in  this  revision  are  intended  to 
replace  the  low-energy  portions  of  the  tables  in 
Circular  583.  The  footnotes  to  these  tables  are 
omitted  even  though  they  still  apply.  The 
cohnnns  giving  the  cross  sections  for  coherent 
and  incoherent  scattering  are  unclianged.  Tlie 
same  general  procedures  are  used  here  as  in  the 
original  publication  for  the  energy  region  from 
10  kev  to  100  Mev.  In  addition,  we  include  some 
data  for  a  number  of  elements  based  on  e.xperi- 
mental  measurements  below  10  kev  and  some 
information  up  to  1  Be\'.  No  attemi)t  is  made  to 
break  down  these  total  attenuation  coelFicients 
into  contributions  from  individual  absorption 
and  scattering  processes. 

No  revision  is  required  at  this  time  for  the 
intermediate  energy  region  from  100  kev  to  20 
Mev.  There  are  no  new  measiu’ements  of  total 
attenuation  coefficients  at  these  energies.  '^I'he 
estimates  just  below  1  Mev  have  been  substan¬ 
tiated  to  within  an  experimental  error  of  2  per¬ 
cent  in  recent  direct  measurements  of  the  photo¬ 
electric  cross  sections  of  Cu,  Mo,  Ag,  Ta,  and 
An  for  Cs'^^  radiation  [2],  A  direct  measurement 
of  the  photoelectric  cross  section  for  Pb  at  0.511 
Mev  is  also  in  reasonable  agreement  with  tbe 
estimates  already  given  [3]. 


Tbe  empirical  corrections  to  calcidated  photo¬ 
electric  cross  sections  at  energies  below  100  kev 
for  low-Z  materials  given  in  table  4  of  Circular 
583  were  based  on  a  small  number  of  experimental 
data,  all  of  which  were  obtained  by  obsolete 
techniques.  This  low-energy  region  has  now 
been  studied  quite  extensively  below  30  or  40 
kev  by  modern  experimental  methods  [4,  5,  0,  7, 
8],  It  appears  that  calculations  based  on  the 
Sauter-Stobbe  formula  are  in  somewhat  better 
accord  with  experiment  for  low-Z  materials  and 
for  10  to  40  kev  photons  than  was  previously 
indicated.  On  the  other  hand,  data  at  low 
energies  for  the  high-Z  materials  require  con¬ 
siderable  revision  of  attenuation  coefficients  below 
the  K  absorption  edges.  The  reason  for  this  is 
that  a  hydrogen-like  a])proximation,  such  as  is 
made  in  the  Stobbe  formulas,  is  not  nearly  so 
good  for  L  and  M  shells  as  for  the  K  shell.  In¬ 
creases  ranging  from  17  to  38  percent  ai’e  indicated 
for  Mo,  Sn,  and  I  and  from  40  to  over  100  percent 
for  the  very-high-Z  elements  (Z^74).  The 
estimates  for  elements  Mo  through  U  below  the 
K  edges  aie  the  only  ones  for  which  the  accuracy 
of  the  estimates  given  in  Circular  583  falls  below 
tbe  stated  amount. 

Considerable  new  experimental  data  are  also 
now  available  above  20  Mev  [9,  10,  11,  12]. 
There  is  a  general  trend  in  the  region  below  100 
Mev  for  tbe  experimental  values  of  the  total 
attenuation  coefficients  in  low-Z  elements  to  be 
several  percent  higher  than  estimated  in  Circular 
583.  We  give  here  a  brief  account  of  recent 
developments  and  indicate  attempts  that  have 
been  made  to  understand  the  measurements.  A 
revision  of  tbe  estimates  of  Circular  583  at  bigber 
energies  will  be  given  in  a  future  publication  when, 
it  is  hoped,  the  theoretical  picture  may  be  clai-ified. 


2.  Low  Energies  (hv  <  40  kev) 


Table  1  shows  tbe  range  of  recent  good  measure¬ 
ments  of  X-ray  attenuation  coefficients  at  energies 
below  40  kev  [4,  5,  0,  7,  8).  The  accuracy  claimed 
by  cacb  experimenter  is  listed  in  table  2.'  Most  of 
the  data  are  due  to  Alan  J.  Bearden  and  R.  D. 


Deslattes  wbo  claim  estimated  uncertainties  of 
less  than  1  percent  [4,  5].  Each  will  give  the 
details  of  his  work  in  a  forthcoming  i)aper  in  the 
Physical  Jhview;  Bearden  is  currently  extending 
his  measurements  below  10  kev  to  other  elements 
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and  sonu'whnt  l(nv(>r  onorfiios.  Froiudi  nioasuivd 
mass-attonuation  coofficionts  for  Cu  and  A1  down 
to  i:{.2  kov;  Hopkins  <'xl(>ndod  Ihpso  data  to  7.0 
kov  and  to  tho  othor  oloinonts  lisU'd  in  tlio  table 
[0].  The  data  of  Koof  for  Th,  U,  and  Pu  are  con¬ 
sist  enl  with  those  available  for  W,  P(.,  and  An; 
however  most  of  his  measurements  for  the  lifjlit 
elements  at  17.48  kev  (Mo  Koi  radiation)  depart 
substantially  from  those  of  other  experiments  [7]. 

The  experimantal  covc'ragc'  is  far  from  comi)let<* 
so  that  extei\sive  inter|)olation  with  r<‘speet  to 
enerfiy  and  atomi(!  number  is  required  foi'  a  syste¬ 
matic  tal)idalion  of  attenuation  coeflicienls.  For 
each  element  listed  in  talde  1.  all  the  experimental 
data  were  plotted  on  a  larjje  {'rapli  as  functions  of 
enerjiy.  Tlie  critical  absorj)lion  cd<ies  were  located 
at  tlie  energies  listed  in  table  1.  A  smooth  curve 
was  drawji  through  the  points  between  edges. 
Values  read  off  this  curve  at  8,  4, (5,  S,  10,  l.'i,  20. 
and  80  kev  were  (converted  to  cross  sections  ])(*r 
atom  by  multiplying  by  AjA'A,  where  A■.^  is 
Avogadro’s  number  and  A  is  the  atomic  weight. 
At  each  energy  the  cross  sections  ])ei'  atom  siiould 
be  smooth  functions  of  Z  so  that  one  can  interpo¬ 
late  for  missing  elements.  The  two-way  smoothing 
versus  energy  and  Z  was  doiu'  by  successive 
a])proximations  for  different  grou])s  of  data.  At 
a  particular  energy,  starting  with  tlie  lightest 
elements,  t  hos(>  whose  K  edges  lie  at  lower  energies 
form  oiu'  group,  those  whosi'  K  edges  lie  at  higher 
energies  and  L  edges  at  low(>r  energii's  form 
another,  and  so  on.  For  examjde.  at  8  kev  elements 
below  Cl  at  Z=\7  form  one  group  and  at  10  kev 
elements  below  Z=8()  (Zn)  form  another. 

Tliere  have  b(>en  no  calculations  of  the  elfec.t  of 
binding  on  scattering  cross  sections  below  10  kev. 
Therefore,  in  this  region  the  total  cross  sections 
per  atom  were  smootlied  graphically  as  functions 
of  Z.  The  lit  ting  was  aided  by  log-log  ])lots  of  the 
attenuation  coellicients  versus  energy,  which  form 
straight  lines  at  10  kev  and  below.  The  results 
below  10  kev  given  in  table  8  lit  smoothly  with 
the  higher  energy  values  in  the  other  tables. 

More  precise  smoothing  of  the  data  was  ])ossi- 
ble  at  10,  ir»,  20,  and  80  kev.  The  three  groups 
of  interest  which  the  elements  form  for  these 
energies  are  those  with  Z  ^  80,  40  ^  Z  ^  r»8, 
and  Z  ^  74.  (Elements  with  Z  between  58  and 
74  are  omitted.)  The  total  scattering  (coherent 
pins  incoherent)  corrected  for  binding  elfects, 
which  is  given  both  here  and  in  Circular  588  iu 
the  secoml  column  of  the  table  for  each  element, 
was  subtracted  from  the  experimental  cross  sec¬ 


tion  per  atom  to  give  an  experimental  photoelec¬ 
tric  cross  section.  For  Z  ^  80,  the  relative  devi¬ 
ation  of  this  quantity  from  the  |)hotoelectric  cross 
section  calculated  by  the  Santer-Stobbe  formulas 
was  smoothed  as  a  function  of  Z  by  a  least-squares 
lit  for  a  st  raight  line.  'Phe  smoothed  e.xperimental 
pbotoelecti'ic  cross  sections  ai'e  given  in  column  5 
of  tables  4  tbrougb  29  and  are  used  to  calculate 
the  totals  in  columns  0  and  7;  for  comparison, 
the  calcidated  photoelectric  cross  sections  are 
liste<l  in  column  4.  The  new  experimental  data 
for  Zr  (40)  tbi’ougb  Sn  (50)  wei’e  used  to  revise 
the  tables  for  Mo,  Sn,  ami  1.  At  each  energy 
the  logarithm  of  the  exj)erimental  |)hotoelecti‘iV 
cross  section  is  a  good  linear  function  of  Z  in  this 
region  sn  that  a  straight-line  lit  by  the  metliod 
of  least  squares  was  determined.  'Phese  lines  were 
extrapolated  to  Z— 58  to  obtain  new  values  for  I. 
Due  account  was  taken  of  the  absorption  edges 
and  log-log  jdots  of  the  adjusted  photoelfect  cross 
sections  as  functions  of  energy  aided  in  complet¬ 
ing  the  tables.  'Pbere  is  less  than  2-percent  dill'er- 
ence  between  any  experimental  point  and  the 
corresponding  ])oint  obtained  by  the  least-squares 
lit.  Below  the  K  edges  the  new  values  for  the 
mass-attenuation  coellicients  for  these  elements 
are  20  to  40  percent  higher  than  those  calcidated 
from  the  Stobbe  formulas.  Perhaps  tins  straight- 
line  extrapolation  is  not  good.  Incidentally,  the 
new  values  do  agree  well  with  those  compiled  by 
Allen  for  Compton  and  Allison’s  book  [14]. 

The  new  estimates  of  the  mass-attenuation  co¬ 
ellicients  for  the  heaviest  elemenfs  (Z  ^  74) 
depend  upon  the  experimental  data  for  W,  Pt, 
An.  Th.  U,  and  Pu  [4,  5,  7],  which  are  not  very 
complete.  The  /^-absorption  edges  break  up  the 
region  so  that  smoothing  versus  Z  is  possible 
only  at  10,  15,  and  80  kev.  This  was  done  graph¬ 
ically  by  means  of  a  semilog  plot  of  the  experi¬ 
mental  photoelectric  cross  section  (in  barns  per 
atom)  as  a  function  of  Z.  Values  for  T1  and  Pb 
interpolated  from  these  curves  were  added  to  the 
total  scattering  cross  sections,  and  the  totals  were 
plotted  on  log-log  paper  as  functions  of  energy 
for  each  element.  'Phese  form  straight  lines  be¬ 
tween  edges.  'Phe  results  of  this  two-way  smooth¬ 
ing  and  interpolating  are  given  in  tables  22 
through  20.  'Phe  agreement  with  Allen’s  values 
is  veiy  good  for  Pb,  good  for  W  and  Pt  away  from 
the  edges,  fair  for  Pt  ,  and  poor  for  'Pb.  Although 
the  new  estimates  may  be  too  high,  they  are  based 
on  the  only  experimental  values  that  are  avail¬ 
able.  'Phe  experimental  procedure  of  reference  [7] 
will  be  discussed  in  reference  [4]. 


3.  Intermediate  Energies  (30  <  ftv  <  100  kev) 


The  only  new  experimental  data  at  energies 
above  80  kev  are  for  Al.  Cu,  Sn,  and  An  at  40 
Kev.  These  data  together  with  the  new  values  at 
80  kev  for  all  Z  must  be  made  consistent,  with  the 
older  data  of  high  accuracy  mentioned  in  Circular 
588.  Over  20  years  ago,  (  hiykendall  [15]  measured 
low-Z  materials  al  imergies  between  (iO  and  250 


kev  with  probable  errors  no  greater  than  2  percent, 
and  Jones  (1()]  covered  t  he  liigh-Z  range  at  ener¬ 
gies  from  07  to  447  kev  with  an  average.  ])robable 
error  of  0.8  percent.  There  is  nothing  of  com- 
parabh*  accuracy  between  40  and  00  kev.  A 
comparison  between  Cuykendall’s  low-Z  data  and 
predictions  based  on  the  Santer-Stobbe  formulas 
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shows  that  tlio  ('.\])('rinu'ntal  valiu's  arc  from  1 
to  tn  potrout  hi}»h('r  tlian  I  ho  oaloulatod  oiios, 
that  this  (liflVronoo  {joos  to  zoro  at  almul  100  kov, 
ai\(l  that  for  ('u  tho  (liflVronoo  is  z.oro  at  all  tlu'so 
omM-jrii's.  ('uykomlall’s  data  from  00  to  00  kov 
aro  larjK'r  rolativo  to  tho  oaloulaird  vahu's  than 
tho  nt'wor  data  ai‘o  at  about  On  kov.  Mowc'vor,  th(> 
nnoortainty  in  tho  oalonlalions  is  ahont  tho  samo 
from  ahont  flo  to  100  kov,  providod  tho  ontiro 
rojrion  is  far  ahovo  tho  /v-ahsorption  odfjos.  Thotv- 
forc'.  tho  onrront  ('stimat('s  for  tho  attomialion 


oooffioionts  for  olomonts  with  Z<:10  aro  obtained 
by  sintmthinji  hotwocm  tho  pi'odiotions  of  tho 
Santor-Slohlx'  formnlas  ahovo  40  kov  and  tlio 
rooimt  oxijorimonlal  values  below  that  onor<:y. 
.Tones’  data  for  Mo  and  Sn  above  about  70  kov 
afjroo  with  the  oslimatos  jiivon  in  (’ircnlar  580. 
There  aro  no  now  oxporimontal  data  for  those 
mat<*rials  above  kov  so  that  oaloidatod  valnos 
aro  assumed  above  tho  K  od<ios.  .Tones’  data  for 
i’b  in  tho  vicinity  (»f  tho  /v  odfic'  afiroc*  with  tho 
r(*vis(>d  valnos  jiivon  in  table  2.5. 


4.  High  Energies  {hv  >  10  Mev) 


Attonnation  ooonioionts  for  a  ran^o  of  olomonts 
at  onorjiios  above  10  Mov  are  <i;ivon  in  (ij'iiro  1. 
Tho  solid  curves  aro  the  totals  ostimatc'd  in 
('ircnlar  .588,  and  tho  jjoints  aro  tho  o.xporimontal 
data  now  available.  Tho  latter  aro  (piito  con¬ 
sistent  and  indicate  clearly  that  for  low-Z  ma- 
t('rials  the  vahu's  based  on  the  tln'ory  assnim'd  in 
('ircnlar  080  aro  too  low  by  sc'voral  iiorci'nt. 
This  discivpancv  was  indicated  in  ('ircnlar  .588 
but  not  considered  to  bo  serious  bocanso  of  the 
limited  oxpi'rimontal  information  av'ailablo  at  that 
time  and  tho  "oin'ral  difficulty  of  assigning  a 
definite  cross  s(*ction  to  each  of  tho  various  procv 
('ss(>s  that  contributes  to  tho  total  attenuation 
co('ffici(mt. 

Prc'sont  evidence  confirms  tho  oarli('r  tnmd  and 
l)oints  to  a  substantial  problem  above  10  Mev. 
Wolff  moasuivd  the  total  attenuation  coefficients 
of  (’  and  HA)  at  20.8  and  20.8  Mev,  which  is  in 
tho  region  of  strong  photonucloar  absorption  112]. 
Wyckoff  and  Kooh  made  very  extensive  ami 
accurate  measurements  for  (',  .M,  H./),  and  H 
from  18  to  82  Mev  112].  The  other  new  data 
below  100  Mov  wore  obtained  by  Mofl'att,  ot  ah, 
at  94  Mev  for  a  range  of  (‘lements  from  H  to  U 
110].  Information  about  high-Z  ('lenumts  is  still 
not  adequate.  The  measurements  above  tbe 
pbotonuclear  region  (85  Mev)  for  (),  Al,  and 
HoO  are  especially  accurate  with  maximum  unoor- 
tainti(*s  of  about  0.9  percent  llO,  1 1]. 

It  is  unclear  at  this  time  what  the  b('st  estimates 
are  for  calculated  values  of  the  cross  sections  for 
individual  processes  at  high  energies,  particularly 
for  electron  pair  production  in  the  ficdd  of  the 
atomic  (*l(*ctrons.  In  the  first  report  of  this  seric's 
128],  calculations  from  the  Borsellino  results  for 
h’ee.  electrons  were  used  up  to  50  Mev  129],  with 
an  extrapolation  to  higher  energies  aided  l)y  the 
results  of  Wheeler  and  Lamb  180]. 

In  Circular  588,  calculations  of  the  pair  cross 
section  in  the  field  of  electrons  were  made  by  using 
tbe  formulas  of  Votruba  for  the  limiting  case’s  of 
photon  energies  near  the  threshold  value  and  large 
compared  to  me*  [81].  A  graphical  interpolation 
was  made  for  the  intermediate  energy  region. 
This  was  accomplished  by  (’xtrapolating  the  curves 
for  the  limiting  cases  ami  using  tlu’  calculations  of 
Borsellino  [29]  as  a  guide  to  the  shape  of  the 
curve  in  the  intermediate  legion.  This  general 


procedure  was  n’commended  by  Kohilieb.  ^^o'■e 
lecently  he  and  .Toseph  re-evalnated  the  e.xchange 
c(UT(‘ction  in  the  high  eiu’rgy  limit  showing  that 
the  constant  in  e(|  18.  (’ircnlar  .588,  is  (‘xactly 
100/9  instead  of  11.8±0.,5  [88].  In  the  case  of 
hy(lrogen,  this  conretion  raisc’s  the  cross  s(‘ction 
for  pair  jnoduction  in  the  fudd  of  the  electrons  at 
.80,  40,  00,  ,80,  and  100  ^^ev  by  0.1  mb  and  at  50 
Mev  by  0.2  mb.  N('glecting  the  ellVct  of  binding 
on  the  atomic  (dectrons,  revised  values  of  this 
cross  section  for  othei-  elements  are  obtained  by 
multiplying  that  for  hydrogen  by  Z.  Tbe  same 
result  is  obtained  above  20  ^^ev  by  numerical 
inU'gration  of  the  formulas  of  W’lu'cler  and  Lamb 
[80]  for  hydrogen  ovei’  the  energy  of  the  positron 
and  subtraction  of  the  exchange  coriTclion  of 
.Toseph  and  Rohrlicdi  [88]. 

ll(‘cently  Suh  and  Betlu*.  following  the  work  of 
Bomellino,  have  studied  the  theory  of  eh'ctron 
pair  prodmdion  in  the  fiidd  of  a  particle  of  arbi¬ 
trary  mass  [29,  85].  The  rc’coil-momentum-dis- 
tribution  function  for  bigb-‘.ncid(’nt  photon  (mer- 
gi(’s  which  tliey  obtained  for  tbe  ease  of  a  recoil 
electron  originally  bound  in  an  atom  agrees  with 
that  of  W’hecder  and  Lamb  [80].  Measurements 
of  (’h’ctron  pair  production  in  the  nuedear  field 
and  in  the  (dectron  fi(dd  in  a  hydrogen-filled  (doud 
(dmmber  by  .Hart,  (’occoni,  et  ah,  between  10  and 
100  Mev  are  also  in  agreement  with  the  Whe(der- 
Lamb  calculations  [84].  Malamud  compares  the 
results  of  accurate  experiments  above  40  Mev  with 
calculations  of  total  attenuation  coefficients  at 
these  energies  [9].  He  finds  that  measurements 
in  Be  and  (’  (dearly  agree  with  the  W’^heeler-Lamb 
prediction  and  disagree  with  the  Wheeler-Lamb 
rc’sult  reduced  by  the  ex(diange  correctioji  of 
»Tos('ph  and  Rohrlich.  M(’asurements  in  H  and 
Li  are  incomdusive. 

An  experiment  was  designed  in  this  laboratory 
to  decide  whether  (he  discrepancy  between  experi¬ 
ment  and  current  estimates  should  be  assigned  to 
nmdear  or  electronic  efh’cts  [11].  The  n’sult  of 
this  was  that  even  though  an  upper  limit  was 
taken  for  pair  prodmdion  in  the  (dectron  field,  the 
nuclear  pair  cross  section  was  still  too  low  by  2.25 
percent  (for  (J  and  Al).  An  exploration  was  made 
to  see  what  tlu'  effect  would  be  of  replacing 
Thomas-Fermi  form  fa(dors  bv  Hartree  form  fa(‘- 
tors  in  the  screeiung  calculation  for  nmdear  pair 


FiorKK  1.  Total  altritiKUion  rorfficienhi  from  10  Mer  to  1  Kn\ 

Tile  sollil  riirvcM  lire  I  lie  Ini  ills  (ilvcii  In  NBS  CIri'iilar  fiKI.  Tin'  indnls  lire  I'XiM’rlnu'iitiil  ilalii  Irnin  thr  followitiK  siaim's: 


•  Maluinud  i9| 

A  Mollutt,  Thri'Shcr,  Wcfks, 
Wilson  llO] 

O  Wyckolt  and  Koch  III] 

Q  Wolft  1121 
O  Lawson  [17] 

9  Dewlrc,  Ashkin,  Beach  118) 

production  and  also  replacing  the  high-onorgy 
approximation  made  in  Betlie  and  Heitler’s 
formula  114,  reference  [27],  by  the  exact  no  screen¬ 
ing  expression,  eq  110,  reference  [27].  A  sample 
calculation  for  C  and  A1  at  60  Mev  shows  that 
these  two  effects  nearly  cancel  so  that  the  net 
i-osult  is  to  decrease  the  pair  cross  sections  given 
in  (’ircular  5811  by  0.7  percent. 

In  view  of  these  considerations,  a  revision  of 


O  Anderson,  el  al.  (10, 20] 

C)  Cooper  1 12] 
n  Koscnblum  |22] 

K  Walker  (23) 

V  ColRille  |24J 
■  Berman  |25] 

V  .\danis  (211) 

the  attenuation  coefficients  at  high  energies  seems 
unwarranted  at  this  time. 


The  author  thanks  the  many  scientists  who 
have  sent  her  reports  on  their  research  and  pre¬ 
prints  of  then'  publications  and  the  members  of 
tins  laboratory  who  have  helped  her  by  contrib¬ 
uting  generously  of  their  time  and  information. 


5,  References 


[1]  G.  White  Grod, stein,  X-riiy  iittcnuation  coefficients 

from  10  kev  to  100  Mev,  NBS  Circ,  583  (10571. 

[2]  W.  F.  Titus,  Phvs.  Rev.  114  (1059). 

[3]  K.  W.  Scemann,  Bull.  Am.  I’hvs.  Soc.  1,  4.  108, 

NAS  (1956). 

[4]  Alan  J.  Bearden,  Bull,  Am.  Phys.  Soc.,  [It]  4,  67 

(1059):  Phys.  Rev.  (to  be  published). 

[5]  R,  D,  Deslattcs,  An  experimental  study  of  X-ray 

attenuation  coefficients,  8-30  kev,  AFOSR  Report 
No.  TN-58-784;  Phys.  Rev.  (to  be  published). 

[6]  J,  I.  Hopkins,  J.  Appl.  Phys.  30,  185  (1050);  11.  L. 

French,  The  scintillation  counter  as  a  means  of 
determining  low  energy  X-ray  mass-absorption 
coefficients,  Thesis  (Vanderbilt  Universitv,  June 
1055). 


[7]  R.  B.  Roof,  Jr.,  Phvs.  Rev.  113,  820  (1050);  113, 

826  (1959). 

[8]  J.  H.  Hiibbell,  private  communication. 

[9]  E.  Malamud,  Phys.  Rev.  114  (1059). 

[10]  J.  Moffatt,  J.  J.  Thresher,  G.  C.  Weeks,  and  R.  Wilson, 
Proc.  Roy.  Soc.  [A]  244,  245  (1958);  J.  Moffatt, 
G.  C.  Weeks,  Proc.  Phys.  Soc.  (London)  73,  114 
(1059). 

Ill]  J.  M.  Wyckoff,  H.  W.  Koch,  Bull.  Am.  Phys.  Soc., 

[II]  3,  174  (1958);  Phys.  Rev.  (to  bo  published). 

[12]  M.  M.  Wolff,  Total  plioton  absorption  in  C*  and 
O"*,  University  of  Pennsylvania,  Technical  Report 
No.  4.  Contract  Nonr  551  (17),  Code  NIl-022-010 
(1058). 


4 


lai 

[Ml 


[15 

[1(1 

[17 

[18 

[I'.M 

[201 

[211 

[221 

[281 

[211 

1251 

[2(11 

[27] 


8.  Kino  and  V.  Hcndct',  Nncloonips  13,  8(i  (1'.I55). 
A.  H.  Compton  and  S.  K,  Allison,  X-ravs  in  tlt(>orv 
and  cxiMTiinont  (P.  Van  Xostrand  Co’.,  Inc..  .\i‘\v 
York,  X.Y.,  ht.85). 

T.  H.  Cuykcndall,  I’hys.  Hcv.  50,  105  (198(1). 

M.  T.  Jonc.s.  IMivs.  Hcv.  50,  110  (1080). 

J.  L.  Lawson,  I’liys.  Rev.  75,  188  (I'.MO). 

J.  W.  Dewin',  A.  Aslikiti,  ami  L.  A.  Reach,  I’hvs. 
Rev.  83,  505  (1051). 

J.  D.  Anderson,  U.  W.  Kennev,  and  C.  A.  McDonald, 
Jr.,  I’liys.  Rev.  102,  102(1  (i05(l). 

J.  D.  Anderson,  R.  \V.  Kennev,  C.  A.  .McDonald,  Jr., 
and  R.  !•'.  I’ost,  Rhys.  Rev.’ 102,  1082  (1050). 

D.  II.  Coop('r,  Thesis,  Cal.  Inst,  of  Tech.  (Jiim*  1055). 
!•;.  S.  Rosenhlnin,  K.  ]•'.  Shrader,  and  R.  M.  Witrtn*r, 
Jr..  Rhvs.  Rev.  88,  012  (I '.(52). 

R.  L.  Wi’ilker.  Rhvs.  Rev.  70,  527  (lOJO);  70,  1410 

(1010). 

S.  A.  Colgate.  Rhys.  Rev.  87,  502  (1052). 

I.  Herman,  Rhv.s.  Rev.  90,  210  (1058). 

C.  D.  Adams,  Rhys.  Rev.  74,  1707 
Kxperimental  Nuclear  Rhysics,  Vol.  I,  10.  Sefjre. 
Kditor  (J.  Wilev  Sons,  Inc.,  New  York,  X.Y., 
10.581. 


[2.8]  Cl.  R.  White,  X-ray  atlemiiition  coeincienls  from 
10  kev  to  100  Mev.  nnpiiblislu'd  XIIS  Report, 
The  information  in  this  rei)ort  has  hec'ii  published 
in  Handbook  of  radiolony,  (‘dited  by  R.  II,  Morgan 
ami  K.  K.  Corrigan  ('I’he  ')'('ar  liook  RnblislaT.s, 
Inc..  200  Kast  Illinois  Stns!!,  ChicaRO,  Ill.,  105.5) 
.•iml  in  Heta-  and  R.'imnia-ray  sjM'clroscopy,  edited 
by  K.  SieRbahn  (Xorth-llo’lland  RnblishiiiR  Co., 
Amsterdam,  Iloll.-ind,  1055). 

[201  A.  Horsellino,  Ilelv.  Rhvs.  Acta  20,  180  (1047); 
Xiiovo  Cimento  4,  112  (1047);  IbiV.  univ.  nac. 
Tncnmiln  [A]  «,  7  (1!I47). 

[801  J.  A.  Whef'lcr  and  W.  10.  Lamb.  Rhvs.  Rev.  5.5,  858 
(1080);  101,  1880  (1050). 

[81]  V.  Votrnba,  IliiII.  ititern.  .-icad.  Tchecnie  .sci.  49,  10 
(1048). 

[821  1'.  Rohrlich  and  J.  Joseph,  Rnll.  Am.  Rhvs.  Soc.  30, 
7  (10.5,5);  Rhys.  Rev.  100,  1241  (10.5.5).* 

[88]  J.  .loseph  and  K.  Rohrlicli,  R(!V.  Mod.  Rhvs.  30,  851 
(1058). 

[841  TO.  Hart,  O.  Cocconi,  V.  T.  Cocconi,  aTid  J.  M.  Sellen, 
Rhys.  Rev.  114  (1050). 

[851  K.  S.  Snh  and  H.  A.  Ri-the,  Rnll.  Am.  Rhvs.  Soc..  [II] 
4,  18  (10.50);  Rhys.  Rev.' 114  (10.50). 


'Fa 111. K  I.  Soitrffs  of  loiv-riicrtiii  tTpi’riiiii  itliil  iliilii 
K\|ii>ilMii'nl('r.'i:  a.  Alan  .1.  )lcar<lcii,  ti.  Doslallcs.  c.  Unpkitis  Ar  it.  Hoof,  amt  c.  Iliililicll 


I 

1 

Xiimtwrof  j 

.•Vlis()ri>tli>!i  ('rltfc*  of  liilerest  •  . 

Klcmcnl 

Kxporl-  j 

Limits  of  pnorcy  rauKC 

tiioastiro'  ( 

1 

inentcr.s  j 

rr.cots  I 

i 

_ _ i. 

i 

A-  i 

1 

I.x 

U 

. . i' 

1 

! 

ker  i 

ker 

} 

-  -I 

her 

ktr 

ker 

He 

2  ' 

1 

3  1 

H 

.  1 

!<(' 

A  1 

a  1 

3  ; 

K 

0  1 

! 

1  ! 

, 

«  i 

H 

i; 

2  i 

I 

C 

1 

»  ! 

H 

0  ! 

7 

17 

3  1 

i 

Xc 

to 

a  1 

3  ; 

H 

1 

Ml! 

12 

h  : 

H  \ 

1 

3(1 

10  1 

1 

At 

13  ! 

a  i 

1 

3  1 

40 

1.6  ■ 

1 

i 

li  } 

s  J 

3(1 

10  ' 

R  1 

7  ' 

40 

10 

' 

1 

R  1 

i 

17 

t 

A 

IS  j 

“  1 

3  1 

K 

0  i 

3, 203  ; 

Tl 

22  1 

i> 

M  ! 

23  ! 

4.  !HV4  i 

1 

1^  1 

K 

j 

! 

' 

Cr 

24 

'■  1 

11  ! 

14 

'*  1 

.6.  OSS  1 

i 

Ke 

2t5 

><  ! 

H  • 

30 

20  1 

7.111  i 

i 

Co 

27 

'•  i 

“  i 

14 

10  * 

7.  7(«l 

1 

N1 

2S 

b  i 

i 

:i(i 

2‘>  ! 

8. 331 

; 

•1  I 

14 

»  1 

t 

p  i 

"  1 

H 

1 

Cii 

2y 

a  1 

8  ; 

40 

» 

K.WO 

1 

i> 

30 

21 

: 

'•  1 

•'  ! 

4(» 

24  j 

Zii  ' 

«  ! 

a  S 

14 

10  I 

M  titiO 

Zi 

40 

1' 

11.2 

'M) 

13  i 

17.008 

.Mo 

42 

i> 

8.0 

:<o 

20 

20. 002 

I'<1 

411 

i> 

19 

21. 347 

Ab 

« 

(’ 

8 

;«i 

10 

2.6.  .61 7 

C(1 

48 

h 

H 

3(1 

20 

2(1. 712 

Sn 

51) 

a 

H 

4(1 

0 

20.  IW) 

1, 

It 

30.  .6 

14 

R 

2(1 

3.6 

0 

<! 

8 

11 

•J 

w 

74 

i> 

8 

.'111 

18 

00.  fiOH 

12.000 

I1..V1.6 

10.108 

Ft 

78 

i> 

8 

3(1 

10 

78. 370 

13.873 

13. 208 

11.5.60 

Au 

7» 

a 

H 

4(1 

ft 

80.713 

14.3.6;< 

13.733 

11.010 

i> 

8 

:«) 

10 

Th  j 

«0 

<1 

6.4 

26 

12 

. 

20. 4(10 

10.088 

16.21W 

02 

<1 

.6.4 

2,6 

12 

21.763 

20.043 

17.153 

Fu  ' 

04 

<1 

.6. 4 

2.6 

12 

23.007 

22.202 

18.056 

Molecule!* 

Jb 

a 

3 

8 

0 

N, 

a 

3 

8 

(1 

Oj 

a 

a 

1 

8 

0 

•  S.  Fine  and  C.  F.  iromlcc,  N'lieleonlus  13, 34  (IllB/t). 


Ta n t.K  Ai-nirarii  vUtimed  hii  rxperhnculrr^f  nl  low  nirrin'r.i 

II.  AIiim  .1.  Hfiirili'ii  f4J 
I'nibiihli'  orrivr  <  1.(1 
li.  l)('.i|nlti‘S  |.5| 

StimiliiHl  ili'vi.itliiM  S  1.0  pom'iii 
c.  lloi'kiiiM  iinil  I-’micli  |(ij 

Probiiblf  error  iibom  ,1  iiercenl 
.1.  KooflTl 

I’roboble  error  g  iiboiil  S  iiereent 
e.  IhibbiOl  |M| 
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n,  49.83%  O,  3I..W7„  Si.  4.,w;;,  Al.  H.aid;  Ca,  l.a>';:.  Fe,  0.24':, •  Mr, 
1.71%  Xa,  1.92%  K,  0.12'  ;,  .8  hy  WelRht.  I)i9isity= 2.3.5  R/cnit. 
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”  Ineoherent  scatterinR  is  Riven  hy  the  Klein-.N'ishinn  formula  for  friH* 
electrons. 

'■  The  total  is  compiled  from  the  hist  two  eoliimns  in  the  tables  for  the 
elements. 
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M.%.  OOVtRNMCNT  miNTiNC  OrPICCittll 


THE  NATIONAL  BUREAU  OF  STANDARDS 

The  scope  of  activities  of  the  National  Bureau  of  Standards  at  its  major  laboratories  in  Washington,  D.C.,  and  in 
Boulder,  Colorado,  is  suggested  in  the  following  b'sting  of  the  divisions  and  sections  engaged  in  technical  work. 
In  general,  each  section  carries  out  specialized  research,  development,  and  engineering  in  the  field  indicated  by 
its  title.  A  brief  description  of  the  activities,  and  of  the  resultant  publications,  appears  on  the  inside  of  the  front 
cover. 

WASHINGTON,  D.C. 

Electricity  and  Electronics.  Resistance  and  Reactance.  Electron  Devices.  Electrical  Instruments.  Mag* 
netic  Measurements.  Dielectrics.  Engineering  Electronics.  Electronic  Instrumentation.  Electrochemistry. 

Optics  and  Metrology.  Photometry  and  Colorimetry.  Optical  Instruments.  Photographic  Technology. 
Length.  Engineering  Metrology. 

Heat.  Temperature  Physics.  Thermodynamics.  Cryogenic  Physics.  Rheology.  Molecular  Kinetics.  Free 
Radicals  Research. 

Atomic  and  Radiation  Physics.  Spectroscopy.  Radiometry.  Mass  Spectrometry.  Solid  State  Physics. 
Electron  Physics.  Atomic  Physics.  Neutron  Physics.  Relation  Theory.  Radioactivity.  X-ray.  High 
Energy  Radiation.  Nucleonic  Instrumentation.  Radiological  Equipment. 

Chemistry.  Organic  Coatings.  Surface  Chemistry.  Organic  Chemistry.  Analytical  Chemistry.  Inorganic 
Chemistry.  Electrodeposition.  Molecular  Structure  and  Properties  of  Gases.  Physical  Chemistry.  Thermo¬ 
chemistry.  Spectrochemistry.  Pure  Substances. 

Mechanics.  Sound.  Mechanical  Instruments.  Fluid  Mechanics.  Engineering  Mechanics.  Mass  and  Scale. 
Capacity,  Density,  and  Fluid  Meters.  Combustion  Controls. 

Organic  and  Fibrous  Materials.  Rubber.  Textiles.  Paper.  Leather.  Testing  and  Specifications.  Polymer 
Structure.  Plastics.  Dental  Research. 

Metallurgy.  Thermal  Metallurgy.  Chemical  Metallurgy.  Mechanical  Metallurgy.  Corrosion.  Metal  Physics. 

Mineral  Products.  Engineering  Ceramics.  Glass.  Refractories.  Enameled  Metals.  Constitution  and 
Microstructure. 

Building  Technology.  Structural  Engineering.  Fire  Protection.  Air  Conditioning,  Heating,  and  Refrigera¬ 
tion.  Floor,  Roof,  and  Wall  Coverings.  Codes  and  Safety  Standards.  Heat  Transfer.  Concreting  Materiak. 

Applied  Mathematics.  Numerical  Analysis.  Computation.  Statistical  Engineering.  Mathematical  Physics. 

Data  Processing  Systems.  SEAC  Engineering  Group.  Components  and  Techniques.  Digital  Circuitry. 
Digital  Systems.  Analog  Systems.  Applications  Engineering. 

•  Office  of  Basic  Instrumentation.  •  Office  of  Weights  and  Measures. 

BOULDER,  COLORADO 

Cryogenic  Engineering.  Cryogenic  Equipment.  Cryogenic  Processes.  Properties  of  Materials.  Gas  Lique¬ 
faction. 

Radio  Propagation  Physics.  Upper  Atmosphere  Research.  Ionosphere  Research.  Regular  Prediction 
Services.  Sun-Earth  Relationships.  YHF  Research.  Radio  Warning  Services.  Airglow  and  Aurora.  Radio 
Astronomy  and  Arctic  Propagation. 

Radio  Propagation  Engineering.  Data  Reduction  Instrumentation.  Radio  Noise.  Tropospheric  Meas¬ 
urements.  Tropospheric  Analysis.  Propagation-Terrain  Effects.  Radio-Meteorology.  Lower  Atmosphere 
Physics. 

Radio  Standards.  High-Frequency  Electrical  Standards.  Radio  Broadcast  Service.  Radio  and  Microwave 
Materiak.  Electronic  Calibration  Center.  Microwave  Circuit  Standards. 

Radio  Communication  and  Systems.  Low  Frequency  and  Very  Low  Frequency  Research.  High  Fre¬ 
quency  and  Very  High  Frequency  Research.  Modulation  Systems.  Antenna  Research.  Navigation  Systems. 
Systems  Analysis.  Field  Operations. 


